We investigate magnetic coupling between a monolayer of prototype single-molecule magnets Mn 12 and a ferromagnetic Ni(111) substrate through S, using density-functional theory (DFT) and a DFT+U method. Our DFT and DFT+U calculations show that the Mn 12 molecules favor antiferromagnetic coupling to the Ni substrate, and that they possess magnetic moments deviated from the magnetic moments of isolated Mn 12 molecules. We find that the magnetic easy axis of the Mn 12 on Ni (whole system) is dictated by that of the Ni substrate. The antiferromagnetic coupling is, dominantly, caused by superexchange interactions between the magnetic moments of the Mn and the Ni substrate via the S, C, and O anions. Our findings can be observed from x-ray magnetic circular dichroism or scanning tunneling microscopy.
I. INTRODUCTION
exchange in the magnetic coupling. Our results can be observed in experiments such as XMCD or STM.
The outline of this paper is as follows. We introduce our computational methods in Sec.II. We systematically construct a Mn 12 monolayer adsorbed on a Ni substrate via S, as well as present properties of an isolated Mn 12 and a bare Ni slab in Sec.III. We discuss the sign, magnitude, and mechanisms of the magnetic coupling between the Mn 12 and the Ni substrate, and the electronic and magnetic properties of the system of interest in Sec.IV.
Finally, we make our conclusion in Sec.V.
II. COMPUTATIONAL METHODS
We use two DFT codes, SIESTA 19 and VASP 20 , to compute the electronic structure and magnetic properties of a Mn 12 monolayer on Ni(111). SIESTA uses localized numerical atomic orbitals as basis sets, while VASP uses plane waves. In both SIESTA and VASP calculations, we use the Perdew-Burke-Ernzerhopf (PBE) generalized-gradient approximation (GGA) 21 for exchange-correlation potential. We do not include SOC in our calculations unless specified otherwise. First, we discuss set-ups and parameters for SIESTA calculations. We use Troullier-Martins pseudopotentials 22,23 with scalar relativistic terms and core corrections for all the elements except H. We construct corresponding basis sets as discussed in Refs. [24, 25] .
For Mn, we include 3p orbitals in valence states. For Ni, we use a default basis set of DZP.
We use a mesh cutoff of 400 Ry. We carry out self-consistent calculations until a density matrix converges to within 3 × 10 −5 . Second, we discuss set-ups and parameters for VASP calculations. We use projector-augmented-wave (PAW) pseudopotentials 26 for all the ele- ments. For Mn, we consider 3p orbitals as a semicore. For Ni, valance states consist of 4s and 3d orbitals. We use a kinetic energy cutoff of 400 eV. We perform self-consistent calculations until the total energy converges to within 1 × 10 −4 eV. For DFT+U calculations 16 ,
we use an on-site Coulomb repulsion U term of 4 eV 27 for Mn d orbitals only. The value of U is selected in order to reproduce photoemission spectra measured for a crystal of Mn 12 molecules 28 .
III. WHOLE STRUCTURE
We consider a structure whose unit cell is shown in Fig. 1(a) . In the unit cell, a single Mn 12 molecule is adsorbed on a FM Ni(111) slab of six atomic layers, via two S atoms. This structure is referred to as 'whole structure. ' We separately optimize geometries of a bare
Ni slab (without a Mn 12 molecule) and an isolated Mn 12 molecule, combining the optimized geometries to construct the whole structure.
Let us discuss the geometry and properties of a bare Ni slab. We find that the equilibrium lattice constant of bulk face-centered-cubic (fcc) Ni equals 3.500Å(3.522Å) using SIESTA Fig. 1(b) ], such that the Mn 12 molecule bonds to the Ni surface via the S. The bond length between the C and S equals 1.88Å ( Fig. 1(b) , Table I ). This slightly modified form of Mn 12 is referred to as a S-terminated Mn 12 . For a S-terminated Mn 12 molecule, the magnetic moments of the Mn ions remain unchanged, but each S atom has the magnetic moment of 1 µ B aligned antiparallel to the net magnetic moment of the twelve Mn ions. As a result, a S-terminated Mn 12 molecule has the total magnetic moment of 18 µ B in the ground state. The magnetic moments listed in Table III are computed by placing a sphere around each atom with the radius given in Table IV . (The radii for O and S used in this work differ from those in
Ref. [14] .) The atomically resolved magnetic moments (Table III) spin configurations with U=4 eV for the Mn d orbitals. Our DFT+U calculations using VASP show that the AFM configuration has still a lower energy than the FM, and that the energy difference equals 46.3 meV. This energy difference does not differ much from that using DFT (Table V) , so that we, henceforth, discuss results obtained using DFT, unless specified otherwise.
B. Electronic properties of the whole structure
We investigate the effect of the Ni slab on the electronic properties of the S-terminated The S p orbitals are spin polarized, and strongly hybridize with the surface Ni d orbitals than the C p orbitals do.
Let us now discuss the charge distribution of the whole structure as well as calculate charge transfer between the Ni slab and the S-terminated Mn 12 for the FM and AFM configurations. We perform our calculations using VASP. As shown in Fig. 3(a) , the charge distribution of the bare Ni slab has a long tail which is deeply penetrated into the region beyond the S. The charge distribution of the whole structure coincides with that of the isolated Mn 12 near the mid-distance between the S and the C [ Fig. 3(a) ]. To compute the charge transfer, we integrate over the xy plane the charge density of the whole structure, ρ whole (x, y, z), and the charge density of the isolated S-terminated Mn 12 , ρ SMM,isol (x, y, z).
We then take a difference between the two integrated charge densities: ∆ρ(z) = xy (ρ whole − ρ SMM,isol )dxdy. The charge-density difference, ∆ρ(z) (Fig. 4) , peaks at the linker molecules, the S, into which the charge distribution of the Ni slab is penetrated [ Fig. 3(a) ]. We calculate the charge transfer by an integration of ∆ρ(z) over z. We find that some amount of charge is transferred from the Ni slab to the Mn 12 molecule. The magnitude of the charge transfer is sensitive to the lower bound of the integration because the exact boundary between the Ni slab and the Mn 12 is hard to be determined in the whole structure. For instance, when we integrate ∆ρ(z) from z = −0.94Å to z = 11.90Å, the charge transferred equals 13.77 (13.78) electrons for the AFM (FM) configuration. Here z = −0.94Å represents the middistance between the Ni surface layer and the S, and the S atoms are located at z = 0.09Å, as in Ref. [14] . C. Magnetic properties of the whole structure
We examine how the adsorption modifies the magnetic moments of the S-terminated Mn 12 and of the Ni slab as a function of z for the FM and AFM configurations, using VASP.
Similarly to the charge-transfer calculation, we integrate over the xy plane the spin density of the whole structure, ρ M whole , the spin density of the isolated S-terminated Mn 12 , ρ M SMM,isol , and the magnetization of the bare Ni slab, ρ M Ni,bare . We refer to these integrated quantities as one-dimensional magnetic-moment densities and magnetization depending on z. We consider the following difference in one-dimensional magnetic-moment density: ∆ρ M (z) = at the S ions, and (ii) that the AFM configuration possesses a smaller peak amplitude in the difference than the FM configuration does. For the isolated Mn 12 , each S ion has the magnetic moment of 1 µ B , while for the whole structure, the S ions lose the spin polarization to great extent. As a result, the peak in ∆ρ M (z) occurs at the S ions. Notice that in the isolated Mn 12 , the magnetic moment of each S ion aligns antiparallel to the net magnetic moment of the twelve Mn ions [ Fig. 3(b) ]. In the whole structure, however, the magnetic moment of each S ion aligns parallel to the magnetization of the Ni slab, independent of the sign of the magnetic coupling between the Mn 12 and the Ni slab (Table III) (Fig. 7) , from the z coordinate of the bottommost Ni layer (farthest from the surface layer, z = −12.10Å) to the mid-distance between the Ni surface layer and the S atoms (z = −0.94Å). Similarly to the charge-transfer calculation, the value of ∆M ind Ni depends on the upper bound in the integration, and the difference in ∆M ind Ni between the AFM and FM configurations is very small (Fig. 7) . Then using the calculated values of [M whole − M We now investigate the effect of the adsorption on the magnetic anisotropy of the AFM configuration. We perform DFT calculations including SOC using VASP. Considering the large system size, we treat the SOC non-self-consistently in collinear cases. Previous theoretical calculations 14 have shown that a non-self-consistent treatment of SOC produces a slightly lower magnetic anisotropy barrier (lower by 14% for an isolated standard Mn 12 ) than an experimental value or a self-consistently calculated value with a correct magnetic easy axis 14 . Our calculation reveals that a bare Ni(111) slab of six atomic layers possesses the magnetic easy axis parallel to the surface (which agrees with experiments 33 ), and that the magnetic anisotropy barrier of the slab (7 × 7 × 6 atoms) equals 66.9 meV. An isolated S-terminated Mn 12 molecule has, however, the magnetic easy axis normal to the surface, and its magnetic anisotropy barrier is found to be 4.88 meV. For the whole structure, we consider Let us examine contributions of superexchange interactions to the magnetic coupling. In the whole structure, the shortest separation between the S sites and the Ni surface atoms is set to be 2.52Å [ Fig. 1(b) , Table I ]. As discussed, charge transfer occurs from the Ni slab to the S-terminated Mn 12 molecule, or to the S ions which is the closest to the Ni slab [ Fig. 8(a) ]. The fact that the LUMO and HOMO of the Mn 12 arise from the S p orbitals, corroborates the charge transfer to the S ions. The band structure of Ni entails favorable transfer of minority-spin electrons. Thus, the total magnetic moment induced in the Ni slab, ∆M ind Ni , is positive (Sec.IV.C), and the difference in one-dimensional magnetic moment density between the whole structure and the bare Ni slab (Fig. 7) has a positive and (c) are degenerate.
peak amplitude at the Ni surface layer. This charge transfer lowers the magnetic moments of the S ions, resulting in the magnetic moments parallel to the magnetization of the Ni slab [ Fig. 8(a) ]. Let us now focus on the region between the S and the Mn ions [ Fig. 1(b) ].
The magnetic moments of the C and O ions closest to the S ions are much smaller than those of the S ions (Table III) . As shown in Fig. 1(b The magnetic coupling in system (i) seems to have similar mechanisms to that in the whole structure, in that the magnetic moment of the Mn interacts with the Ni slab through the S, and yet system (i) is much simpler than the whole structure. Now if we remove the S atom from system (i) and bring the Mn atom closer to the Ni slab, the characteristics of the magnetic coupling are qualitatively modified. That is the case for system (ii).
Let us first discuss the magnetic coupling in system (i). We set the shortest distance between the S and Ni surface atoms to be the same as that for the whole structure (Table I) , and assign positive spin polarization to the Ni slab in both AFM and FM configurations.
The S ion bonds to hollow sites of a Ni slab of 5 × 5 × 6 atoms, and the bond angle of Mn-S-Ni equals 145.5
• . Our DFT calculations using SIESTA suggest that similarly to the whole structure, the Mn ion favors AFM coupling to the Ni slab via the S anion (Table I) .
As in the whole structure, a major contribution to the magnetic coupling originates from a superexchange interaction via the S anion. An isolated Mn-S dimer has the ground-state spin of S = 5/2, where the Mn ion carries most of the spin polarization. Since the S p orbitals are completely filled and the minority-spin Ni d bands are not fully filled, minorityspin electrons can be transferred now from the S to the Ni slab [ Fig. 8(b) ]. Consequently, the S p orbitals possess slight spin polarization parallel to the magnetization of the Ni slab, and negative magnetic moments are induced in the Ni slab (Fig. 9) . The S p orbitals are antiferromagnetically coupled to the Mn d orbitals. Overall, this leads to AFM coupling between the Mn and the Ni (Fig. 8(b) , Table I ). The magnetic coupling in system (i) is stronger than that in the whole structure due to the following reasons: (1) The vertical separation between the Mn and the Ni surface atoms in system (i) is shorter than that in the whole structure (Table I) . (2) A superexchange interaction through S is stronger than that via O or C, since S atoms more diffuse. In the whole structure, the superexchange interactions are weakened by pathways through the S, C, and O orbitals. For the given geometry of system (i), whether the 3d orbital levels of the adatom are less than or more than half-filled, would not change the sign of the magnetic coupling because the magnetic coupling is mainly governed by a superexchange interaction.
We now examine the magnetic coupling in system (ii). In this system, the Mn atom directly bonds to hollow sites of a Ni slab of 5 × 5 × 6 atoms, and the Mn d orbital levels are exactly half-filled [ Fig. 8(c) ]. Our DFT calculations using SIESTA show that stable FM coupling is formed between the Mn and the Ni (Table I) , in contrast to system (i) and the whole structure. In system (ii), the bond length between the Mn and the Ni is short ( between the AFM and FM configurations. ∆E < 0 (∆E > 0) implies stable AFM (FM) coupling.
For the calculations of ∆E using SIESTA, we sample 3 × 3 × 1 k-points for the whole structure and 4 × 4 × 1 k-points for systems (i) and (ii). ) , within the GGA, using VASP. The numbers in the parentheses denote magnetic-moment differences between the isolated Mn 12 and the whole structure, where only the magnitudes are listed. The Mn ions are labeled in Fig. 1(c) . In the last row, the total magnetic moment of the Mn 12 is calculated from the sum of the atomically resolved magnetic moments. 
